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Abstract
A series of experiments was carried out to investigate the effect of fireball composition
on secondary combustion. The fireball was created from a 1.5 liter balloon filled with
a propane-oxygen mixture (1< Φ <3) and initiated by a detonation. Two initiation
locations and two initiator strengths were studied. Two pencil pressure gauges located
at 0.6 and 1.2 m and in some experiments, simultaneous high-speed imaging, were used
as diagnostics. For Φ > 1, the incompletely oxidized products from the primary burn
mix with the surrounding air and may be oxidized in a secondary combustion process.
The unique feature of the present experiments was a repeatable secondary pressure
pulse for sufficiently rich mixtures. The secondary pressure rise was observed repeatably
for all initiation configurations. The nature of the secondary pressure pulse is a strong
function of the initial equivalence ratio. For Φ = 1 and 1.5, no secondary pressure waves
are observed. An acoustic analysis of the measured pressure histories has been carried
out to infer the rate of volume displacement and the total volume displaced by the
secondary combustion. The results of the acoustic analysis are in reasonable agreement
with both a simplified thermodynamic model predicting the total volume displacement
assuming constant-pressure combustion for the secondary burn and the analysis of the
fireball luminosity of the high-speed images.
For nearly stoichiometric mixtures, Φ = 1 and 1.5, the leading blast wave peak pres-
sures and impulses are comparable with the previously-measured gaseous and high explo-
sive blasts when the energy content of the balloon only is used to formulate Sachs scaling
variables. Due to a much slower combustion process than detonation for Φ > 2 the peak
pressure of the leading wave rapidly decreases below the energy-equivalent reference blast
values as the equivalence ratio is increased. The Sachs-scaled impulse agrees well with
the predictions on the basis of the energy in the balloon alone for 2.75 > Φ > 1.
One of the key results of the present study has been the documentation of the existence
i
of the secondary pressure wave. The present study has emphasized the acoustic nature of
the secondary pressure waves and the origin of these pressure waves due to the processes
at the interface between the fireball and the atmosphere. The presence of the secondary
pressure peak and the higher impulses indicate that there is the potential for significant
enhancement of the blast through secondary combustion.
ii
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11 Introduction
We have carried out a series of experiments to study mixing and combustion of fireballs
created by the rapid combustion of rich gaseous explosive mixtures. There are two
combustion events in these experiments. A detonation is used to initiate the primary
(initial) combustion event in propane-oxygen mixtures with equivalence ratios between
one and three. The resulting fireball of combustion products expands and mixes with
the surrounding air, which can result in a secondary combustion event. Blast pressures
were measured at locations 0.6 m and 1.2 m from the center of the balloon containing
the propane-oxygen mixture. The experiments are the first in a series of tests designed
to study the role of fireball composition and gas dynamic interactions on secondary
combustion.
The amount of energy released during the initial combustion event and the secondary
reaction depends on the composition of the balloon mixture and the extent of the mixing
and reaction of the resulting fireball with the surrounding air. Initially, the mixture
inside the balloon was
Φ C3H8 + 5O2 ,
where the equivalence ratio is 1 < Φ < 3. For a stoichiometric mixture, Φ = 1, complete
combustion occurs during the initial event and the products are fully oxidized1
C3H8 + 5O2−→ 3CO2 + 4H2O .
In this case, all the energy is released in the initial combustion event and no further
reaction will take place upon mixing of the products with air. There is no secondary
combustion event in this case.
1The products have been idealized in this reaction equations. Due to the high temperatures, 4000 K,
a substantial amount of dissociation occurs and equilibrium computations indicate that H2, CO, and O
are presented in substantial amounts, as shown in Fig. 1
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For Φ > 1, the products of the initial combustion are incompletely oxidized and
energy will be released both during the initial combustion event and the secondary event
associated with the fireball. For example, at Φ = 3, the initial combustion reaction can
be approximately written as
3C3H8 + 5O2−→ 9CO + 11H2 + H2O .
As indicated, the partially oxidized species CO and H2 are created by the initial combus-
tion event in rich mixtures. As the equivalence ratio is increased, Fig. 1, an increasing
amount of CO and H2 is produced. When the fireball mixes with the surrounding air,
these can be oxidized to CO2 and H2O,
CO + 1
2
O2 −→ CO2 , H2 + 12 O2 −→ H2O ,
releasing energy and creating pressure waves.
32 Experimental Setup
The propane-oxygen mixture is contained in a 1.5 liter (equivalent to a 140 mm diam-
eter sphere) balloon. The volume of the balloon was held constant at 1.5 liter for all
experiments. The fireball is initiated by a detonation defracting into the propane-oxygen
mixture out of the initiator tube which emerges from below into the balloon, Fig. 3a. The
balloon is made of natural rubber latex and, in the inflated state, the wall thickness is
approximately 0.02 mm. The balloon is slightly bulb shaped, see Sec. D. The initiation
location of the balloon mixture can be adjusted by sliding the balloon retainer vertically
along the initiator tube. Two configurations are studied, Fig. 2: a) The initiator tube
end is centered with respect to the balloon and b) The initiator tube end emerges into
the bottom of the balloon. In order to prevent leaking of the balloon mixture, the bal-
loon retainer is sealed with an O-ring against the initiator tube. The initiator tube has
a total length of 440 mm and contains two sections, one of which is equipped with a
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Figure 1: Major products calculated with
an equilibrium solver (STANJAN) for a
constant volume combustion for a propane-
oxygen mixture as a function of the equiv-
alence ratio. Initial temperature 294 K,
Initial pressure 1.013 bar.
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Figure 2: Two initiation locations were
studied. The balloon retainer slides onto
the initiator tube and was locked in posi-
tion with a screw.
4 2 EXPERIMENTAL SETUP
Shchelkin spiral in order to ensure transition to detonation within the tube, Fig. 3b. The
initiator tube of volume 0.13 l was sealed with a 0.02 mm thick polyethylene diaphragm
and then evacuated to 1 mbar prior to filling with a premixed initiator gas mixture to
atmospheric pressure. Stoichiometric propane-oxygen or stoichiometric acetylene-oxygen
mixtures were used in the initiator, labeled as C3H8 or C2H2 in the plot legends.
After filling the initiator, the balloon was attached and sealed with an elastic band to
the balloon retainer. The remaining air inside the balloon was evacuated prior to filling
 
	  	


 
ﬁﬀ ﬂﬃ
ﬀ ﬀ  ﬀ ! #"$!%
&'#()+* ,(-.&'#/&01(+2
/,34(1+5760'83* 14
F)
9 :
; <=
>
;
?
<=
@AB B CCD+EGFH IJB K L7MNO
E#PK AQRN#ASTﬁO
UV W#XYZ[ [ \ ]\ ^\ _`^7ab
c
\ _deb#_fg
h ih jh k`j#lm
jnop
qrs s ttu
v#w`x
ry u
wv
F z|{~}J+
 
(a) Schematic of set-up
          
         	   
     
        
   
        
       
                   
                

  
 
      
         


     
                   
                
   


    
    
(b) Initiator tube
Figure 3: a) The initiator tube is sealed with an approximately 0.02 mm thick diaphragm.
b) Detailed technical drawing of initiator tube. The dimensions are given in mm. The
Shchelkin spiral has a pitch of approximately 25 mm, a wire diameter of 3 mm and an
outer diameter equal to the inner tube diameter.
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Figure 4: Schematic of plumbing for balloon filling proce-
dure.
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Figure 5: Plan view of
blast room with location of
fire ball center and blast
pencil gauges.
the balloon by opening valve A and C, Fig. 4. Since the balloon is elastic, the method
of partial pressures could not be applied directly to mix the propane and oxygen during
the balloon filling. Instead, a vessel of volume 3.8 l was evacuated to 1 mbar by opening
valve B and C and then filled with a premixed propane-oxygen mixture of the desired
stoichiometric ratio by the method of partial pressures through valve D. The premixing
vessel was filled to a final pressure of 1.5 bar and mixed by circulating the gas with a pump
for five minutes. After preparation of the mixture, valves A and B were opened, letting
the pressure in the balloon equilibrate close to atmospheric pressure. Due to tension,
the internal pressure was measured to be 20 mbar above the surrounding atmospheric
pressure. After the pressure equilibrated, the balloon itself contained a volume of 1.5 l
considering the volume of the filling lines. Subsequently, all valves were closed. The leak
rate of the balloon volume was measured to be less than 0.06 l/h, which results in a
volume uncertainty of less than 0.5%, since the charge was initiated within five minutes
after the filling procedure. A discharge system with a stored energy of 30 mJ was used
to ignite the initiator mixture with the spark plug.
6 2 EXPERIMENTAL SETUP
pencil
gauge
camera
balloon
balloon
retainer
initiator
tube
tripod
Figure 6: Photograph of actual test rig. The camera shown is for surveillance purposes
during the balloon filling procedure only and is not the high speed camera, which is
located outside this view.
The experiments were carried out in a 35 m3 blast room. A plan view of the blast
room and the location of the fireball center is shown in Fig. 5. The height of the room
is approximately 3.5 m. The initiator and balloon are attached to a rigid tripod (Fig. 6)
so that the fireball center is located 1.25 m above the ground. Two pencil gauges were
located at a distance of 0.6 and 1.2 m from the fireball center at a height of 1.25 m
above the ground in order to obtain the pressure history. The pressure transducers were
PCB piezoelectric transducers (Model 137A23) with a rise time of 4µs and a discharge
time constant larger than 0.2 s. In order to prevent thermal effects on the piezoelectric
transducers, the pencil gauge was covered with one layer of electrical tape. The pencil
gauges are normally mounted the same height as the fireball center in a horizontal position
(polar angle of 90◦). For the initiator characterization, polar angles of 0◦ to 90◦ were
investigated. The relative azimuthal angle between the pencil gauges was kept at 90◦. A
blast-shielded high speed camera (Phantom V) with a resolution of 256×256 pixels and
11200 frames per second was used for some shots to image the event.
73 Results
3.1 Initiator Characterization
A series of shots was conducted with the initiator diaphragm and charge only, i.e., without
the balloon. The pressure traces showed a repeatable deflagration-to-detonation transi-
tion within the initiator tube, and the blast wave parameters measured were constant
over the polar angle of 0◦ (vertical) to 90◦ (horizontal) and the azimuthal angle, Fig. 7.
For this series of shots, the pencil gauges were located at a distance of 0.3 m, 0.6 m, and
1.2 m from the end of the initiator tube.
3.2 Propane-oxygen Initiator Mixture
A series of 48 shots was carried out using a stoichiometric propane-oxygen mixture in
the initiator tube and a balloon filled with a propane-oxygen mixture. Using the center
initiation location, a single leading peak in the pressure history (Fig. 8) is measured for a
balloon charge equivalence ratio of up to 1.75. The time t = 0 in all plots corresponds to
the point in time of ignition of the initiator mixture with the spark plug. The maximum
blast wave peak pressure of 39 kPa at 0.6 m is observed for an equivalence ratio of
1.5. The values shown in Fig. 9 are the averages obtained from several experiments.
t(s)
p
(M
Pa
)
0.001 0.002 0.003 0.004 0.005
0
0.002
0.004
0.6m
1.2m
Figure 7: Pressure trace of experiment with initiator charge (stoichiometric propane-
oxygen) only. Pencil gauges were located at 0.6 m and 1. 2m from fireball center.
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Corresponding plots with error bars are shown in App. A.1. The shot-to-shot variations
in peak pressure of the initial blast wave are also largest for an equivalence ratio of 1.5,
Fig. A.1. For an equivalence ratio of 2 and higher, a secondary pressure peak is observed
at both 0.6 m and 1.2 m from the fireball center. The secondary pressure peak occurs
(Fig. 11) for an equivalence ratio of 2 at 0.6 ms after the initial blast wave, and for an
equivalence ratio of 3, up to 3 ms after the primary blast. The larger error bars for the
equivalence ratios 2, 2.5, and 3 reflect the larger number of replica experiments that have
been conducted for these equivalence ratios. For an equivalence ratio of 3, the second
pressure peak was sometimes difficult to determine since the secondary pressure rise was
rather weak and occurred so late that it overlapped the wave reflected from the wall.
The secondary pressure rise is not due to the primary blast wave reflecting from
the wall, which occurs at a later point in time. For the pencil gauge at 0.6 m, the
reflected wave is observed at approximately 5.8 ms and, for the pencil gauge at 1.2 m,
at approximately 8 ms, Fig. 8. This corresponds to a Mach number of approximately
1.01 for the reflected wave which agrees with the Mach number of the incident wave
computed from the time of arrival of the blast wave at the pencil gauges and the shock
jump conditions, Fig. 22. The labels (c) and (b) in the legend of all plots stand for center
and bottom initiation location, respectively. The labels C3H8 or C2H2 describe the type
of initiator mixture used. The secondary pulse measured for equivalence ratios 2 and
2.25 is associated with a sharp pressure rise or shock wave. This is an indication that a
rapid explosion of a substantial volume of combustible mixture is taking place.
For Φ > 2.25, the secondary pressure rise occurs more smoothly and does not exhibit
shocks. This suggests that the secondary combustion occurs more slowly as Φ increases.
The maximum secondary pressure rise occurs (Fig. 9) for an equivalence ratio of 2.25.
For Φ > 2.25, the secondary peak pressure occurs later in time and is gradually less
pronounced. For 2.25 < Φ < 2.75, the peak pressure of the secondary rise exceeds the
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Figure 8: Pressure traces obtained from the pencil gauges at 0.6 and 1.2 m for several
experiments at different equivalence ratio. The time t = 0 corresponds to the point in
time of ignition of the initiator mixture with the spark plug.
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equivalence ratio
p
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p blastwave 1.2m (C3H8, c)
p secondary 0.6m (C3H8, c)
p secondary 1.2m (C3H8, c)
Figure 9: Peak pressure measured for
C3H8-O2 initiator mixture. For equiva-
lence ratios up to 1.75, no secondary peak
is observed, and, therefore the data point
is set to 0.
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Figure 10: Mach number obtained from
shock jump conditions for C3H8-O2 initia-
tor mixture.
peak pressure from the initial blast wave.
These tests show that the secondary pressure rise occurs in a repeatable fashion.
Replica test pressure histories for the case of C3H8-O2 initiator mixture and the center
initiation location are shown in App. A.4. For equivalence ratios 1, 1.5, 2, 2.5, and 3, at
least four replica tests were performed. The impulse, in units of Ns/m2, was derived by
integrating the pressure transducer signal over time and correcting for the slight initial
off-set from the zero line for some pressure traces. The maximum value of the positive
impulse, also referred to just as impulse in the following, was calculated by integrating the
pressure traces to that point in time at which the integral is maximum, but not further
than the point in time where the reflected wave occurs. The point in time at which the
positive impulse is maximized corresponds to the beginning of the negative phase of the
pressure trace. Due to the secondary pressure rise and the overlap of the reflected wave
from the wall and the negative phase, meaningful values of the negative phase impulse
could not be obtained. The maximum positive impulse for all cases is shown in Fig. 12.
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Figure 11: Delay between blast wave and
secondary pressure peak for C3H8-O2 ini-
tiator mixture. Center initiation location.
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Figure 12: Maximum positive impulse ob-
tained from integrating the pressure trace.
C3H8-O2 initiator mixture. Center initia-
tion location.
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Figure 13: Point in time at which the max-
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C3H8-O2 initiator mixture. Center initi-
ation location.
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Figure 14: Delay between blast wave and
secondary pressure peak for C3H8-O2 and
C2H2-O2 initiator mixture. Center initia-
tion location.
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The maximum positive impulse reflects the impulse combined from the initial blast wave
and the secondary pressure rise, in case it occurred. The maximum impulse is obtained
for an equivalence ratio of 1.5 and measured to be 5.6Ns/m2 at 0.6 m. Despite the
secondary pressure rise for equivalence ratio 2, the maximum impulse is slightly lower
than for Φ = 1.5, approximately 4.8Ns/m2. The impulse is 4.6 Ns/m2 for Φ = 2.5 and
falls off dramatically for equivalence ratios higher than 2.5. The lower values in maximum
positive impulse for Φ = 3 may also be due to the fact that the secondary pressure rise
overlaps the reflected wave and is, therefore, not fully accounted for in the maximum
impulse value. The impulse is decreasing with increasing equivalence ratio despite the
larger amount of fuel (this is discussed further in Sec. 3.3). The secondary pressure rise
does not compensate for the smaller impulse arising from the decreased initial blast wave
magnitude.
The point in time at which the maximum positive impulse occurs is increasing with
increasing equivalence ratio due to two effects: The secondary peak pressure occurs at a
later point in time, Fig. 11, and the secondary peak is broader, both leading to a shift of
the negative phase start towards a later point in time.
3.3 Sachs-scaled Results
To enable a comparison with other experiments, the experimental results can be presented
using Sachs dimensionless variables described in AMC (1974). These are labeled here
with a bar and defined as follows:
distance R¯ = R
(
p0
E
) 1
3
, (1)
pressure p¯ =
p
p0
, (2)
impulse I¯ =
I c0
p0 R¯
=
I c0
p
2
3
0 E
1
3·
, (3)
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where R is the distance from the charge, p0 is the surrounding pressure, E is the energy
equivalent of the charge, p is the blast wave peak pressure, and I is the impulse calculated
by integrating either the positive or negative phase of the blast pressure trace. Here, only
the positive phase is considered. Sachs scaling was developed to analyze blast waves from
ideal explosives, for which the energy release is spatially concentrated, rapid, and usually
has a well-defined value, at least for oxygen-balanced high explosives or nuclear weapons.
In order to use Sachs scaling with the present problem, it is necessary to consider how
to define the equivalent energy release for the propane-oxygen mixtures in the balloon.
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Figure 15: Amount of fuel and oxidizer for
different equivalence ratios. The total vol-
ume is held constant at 1.5 l.
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Figure 16: Balloon charge energies for
varying equivalence ratio assuming only
combustion with the supplied oxygen in-
side the balloon, E1, and assuming com-
plete combustion of the propane with oxy-
gen supplied by the surrounding air, E2.
The amount of fuel increases with increasing Φ since the volume of the charge is
held constant, Fig. 15. The energy equivalent of the balloon is calculated as the energy
difference between the reactants and the detonation products expanded to atmospheric
pressure. This is different than the procedure followed in high explosives, Baker et al.
(1980), or detonation of fuel-air mixtures, Dorofeev et al. (1995b). In those cases, the
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Figure 17: Ratio for temperature and num-
ber of moles of reactants to expanded prod-
ucts as a function of equivalence ratio.
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Figure 18: Sachs-scaled peak pressure
vs. distance based on energy content E1.
The Sachs-scaled data of Dorofeev et al.
(1995b) is based on the corresponding E1
for their charge. C3H8-O2 initiator mix-
ture. Center initiation location.
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Figure 19: Sachs-scaled impulse based on
E1 vs. distance. C3H8-O2 initiator mix-
ture. Center initiation location.
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equivalent energy is computed by multiplying the mass of mixture with the heat of
combustion, which is calculated as the difference in enthalpy between the reactants and
products at standard temperature (25◦C) and pressure (1 atm). In fact, it is known that
only a fraction of the heat of combustion goes into producing the blast wave since the
products are still quite hot after expanding to atmospheric pressure but before mixing
with the surrounding air. This effect is particularly important for fuel-oxygen mixtures
which are highly dissociated and much less efficient than fuel-air mixtures at creating
blast waves. To account for this, we have adopted the present procedure, which is similar
to the method used for computing the blast energy equivalent for pressurized vessels, see
the discussion on pp. 185–199 of AIChE (1994). For a stoichiometric propane-oxygen
mixture, the revised procedure predicts an energy content of 3.1 MJ/kg as compared to
10 MJ/kg predicted by using the conventional heat of combustion technique. By contrast,
the energy content of a stoichiometric propane-air mixture is predicted to be 1.3 MJ/kg
as compared to 2.8 MJ/kg predicted by the conventional method. The revised method
predicts that 31% of the propane-oxygen mixtures chemical energy can be converted to
mechanical work versus 46% for the propane-air mixture. In order to use the revised
energy equivalence with Dorofeev’s data, we have recomputed the Sachs-scaled variables
and developed revised correlations for both peak pressure and impulse. On the other
hand, we have used the original (Baker) correlation for the Sachs scaling of blast waves
from TNT. We have not attempted to revise this correlation since there is significant
uncertainty about the TNT energy equivalence due to the oxygen deficit in this explosive.
In addition, computations with other high explosives (Fickett and Davis (1979))show that
high explosives are much more efficient - up to 98 % for RDX - in converting chemical
energy to mechanical work. To summarize: The Sachs scaling correlations presented
in this work are based on the energy difference between the reactants and products of
a detonation expanded to atmospheric pressure. The original data of Dorofeev et al.
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(1995b) on fuel-air mixtures have been re-reduced to obtain a correlation on this basis
but the high explosive-based correlation of Baker et al. (1980) has been used without any
change.
The energy content is clearly defined only for the stoichiometric case. For rich mix-
tures, there is a range of values depending on how much of the mixing and combustion
of the fireball contributes to blast pressure. Two extreme values can be computed. The
smallest value, E1, is obtained if we assume no mixing and combustion of the fireball
with surrounding air. E1 corresponds to incomplete oxidation of the fuel and decreasing
temperature after the expansion for increasing equivalence ratio from 2900 K at Φ = 1
to 1090 K at Φ = 3. The number of moles of products created by combustion increases
with increasing equivalence ratio (Fig. 17). Due to the modest decrease in temperature
till Φ = 1.5, E1 increases (Fig. 16) from 6.5 kJ at Φ = 1 to 7.7 kJ at Φ = 1.5. For Φ
> 1.5 the strong decrease in temperature with increasing equivalence ratio dominates
and E1 decreases to 4.9 kJ at Φ = 3. The largest value, E2, is obtained if we assume
complete mixing and combustion of the fuel with the surrounding air. This results in
complete oxidation of the fuel and the total energy release, E2, increases (Fig. 16) with
increasing equivalence ratio, from 6.5 kJ at Φ = 1 to 15 kJ for Φ = 3. The energy equiv-
alent calculated based on the differences in energy is for Φ = 1 approximately 30% of the
energy equivalent calculated based on the differences in enthalpy in a constant pressure
combustion, 22 MJ.
Experiments by previous researchers have been carried out with gaseous and con-
densed explosives to define blast relationships in Sachs variables. Experiments on high
explosives are described by AMC (1974) and Baker et al. (1980); experiments on the
detonation of gaseous explosives are described in Dorofeev et al. (1995b) and Moen et al.
(1983). Although detonation of high explosives and gaseous show differences in the near
field, R¯ < 1, the far field results, R¯  1, show a universal dependence of the scaled
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impulse and peak pressure on the scaled distance. For a given atmospheric pressure, the
net energy release E is the only property of an ideal explosive that is needed to deter-
mine the blast effects at any distance. This leads to the concept of TNT equivalence
that is widely used in the explosion hazards community to evaluate the consequences of
accidental explosions, see AIChE (1994). On the other hand, low speed combustion or
deflagration of gaseous explosives results in very different blast waves than a detonation,
and the blast properties do not follow a universal relationship when expressed in terms
of Sachs scaling. As discussed in AIChE (1994), many factors other than equivalent
energy release are important and the blast pressure is a strong function of the speed of
combustion for non ideal explosives.
The peak pressures from the present experiments are compared using Sachs scaling in
Fig. 18 to the known high explosive (Baker 1980) and gaseous (Dorofeev 1996) detonation
results, revised as discussed above. Due to the very non ideal nature of the initial
explosion for all cases other than Φ = 1, the Sachs-scaled peak pressure based on E1
drops far below the curves obtained by Baker and Dorofeev for Φ > 1.5 at both 0.6
and 1.2 m. Due to the maximum value of E1 for Φ = 1.5, the Sachs-scaled distance for
the gauge locations at 0.6 and 1.2 decreases slightly for Φ < 1.5 and increases for Φ
> 1.5 with increasing equivalence ratio. The previous work that is most closely related
to the present study is the experiments of Dorofeev et al. (1995b), who investigated the
detonation of rich fuel-air mixtures. Dorofeev et al. (1995b) used a large scale experiment
with a hemispheric plastic envelope (4 m in radius) filled with propane-air mixtures with
1 < Φ < 1.8. No secondary pressure rise was observed in these experiments, presumably
due to the lack of fuel in the initial combustion products. The Sachs-scaled data from
Dorofeev et al. (1995b) shown here are rescaled based on an energy content of 420 MJ,
which was calculated in two steps: First the energy difference of reactants and expanded
products for the rich fuel-air mixtures used by Dorofeev et al. (1995b) was calculated as
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described above to be approximately 210 MJ. Secondly, to take into account that the
data of Dorofeev et al. (1995b) were obtained from a surface blast experiment the energy
equivalent was doubled in order to compare it with the air blast experiments.
The Sachs-scaled peak pressure measured at the 0.6 m gauge location for Φ = 1.5 is
20% below the blast wave pressure measured by Baker et al. (1980) for TNT air bursts
and does not exceed the TNT air burst data for any equivalence ratio. The agreement
is better for the stronger initiator used, Fig. A.1.9. The Sachs-scaled peak pressure
measured at the 1.2 m gauge location agrees for an equivalence ratio of 1.5 with the
TNT data of Baker et al. (1980) and remains for all other equivalence ratios below the
peak pressure for the TNT surface burst. This is consistent with the trend seen in the
data of Dorofeev et al. (1995b) and Moen et al. (1983) compared to the TNT blast peak
pressure. Moen et al. detonated a gaseous mixture in a horizontal cylindrical bag of
volume up to 110 m3 in the immediate vicinity of the ground. For Sachs-scaled distances
smaller than approximately 1, they found that the scaled peak pressure approaches the
blast parameters for the TNT air burst. For larger Sachs-scaled distances, the scaled
blast wave pressure from gaseous fuel-air explosives approaches the scaled peak pressure
of the TNT surface charge.
The Sachs-scaled impulse based on E1 is in fairly good agreement with the data
from Dorofeev et al. (1995b) for Φ < 2.5. The scaled peak pressure drops far below
Dorofeev’s values with increasing equivalence ratio Φ > 1.5 based on either E1 or E2.
Apparently for Φ > 1.5, the charges do not react sufficiently fast to achieve blast pressures
consistent with the energy equivalence. If the balloon mixtures are sufficiently rich, the
detonation may fail to transit from the initiator tube to the balloon, and a much lower
speed combustion wave will occur. It is known (Baker and Tang, 1994, Tang and Baker,
1999) that the energy equivalence method substantially overpredicts the blast pressures
for low-speed flames. As the flame speed decreases below Mach numbers of about 3,
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numerical simulations (Tang and Baker, 1999) predict that both the peak pressure and
positive impulse decrease for a given value of E1. For a flame Mach number of 0.2
(about 60 m/s), the scaled peak pressures are about 1/10 of the values given by the high
explosive or gaseous detonation blast scaling. This is consistent with the peak pressures
observed (Fig. 18) for Φ = 3.
The secondary combustion does create an additional increments to the impulse, but
the E2-scaled impulse is lower (Fig. 20) than Dorofeev’s values of impulse. Numerical
simulations (Tang and Baker 1999) indicate that the scaled impulse in the far field, R¯
> 0.5, is much less sensitive to the flame speed, which is consistent with the results of
Fig. 19.
3.4 Acetylene-oxygen Initiator Mixture
Using stoichiometric C2H2-O2 instead of stoichiometric C3H8-O2 as the initiator tube
mixture results in a stronger initiation process. The Chapman-Jouguet velocity in stoi-
chiometric C2H2-O2 is 2720 m/s as compared to 2360 m/s for the stoichiometric C3H8-O2.
The Chapman-Jouguet pressures are 4.18 MPa and 3.69 MPa, respectively. In compar-
ison to using C3H8-O2 as the initiator gas, the peak pressure for an equivalence ratio
1 and 1.5 is increased by using C2H2-O2 and decreased for equivalence ratios of 2 and
higher, Fig. 21. The maximum blast peak pressure is obtained for an equivalence ratio
of 1.5. The results for peak blast and secondary pressure and positive impulse are very
similar (Figs. 21-28) for the two initiation mixtures, with a few exceptions.
For Φ = 1, the stronger initiator results in an increase (Fig. 27) in maximum impulse
measured at 0.6 m of about 30% and at 1.2 m of about 15% compared to the weaker
initiator. For equivalence ratios 1.5 and 2, the positive impulse is 10% higher for the
C2H2 initiator. For Φ = 1.5, this is due to the increased blast wave strength and for Φ
= 2, this is due to the increase in the secondary pressure rise. The time between the
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Figure 21: Peak pressure of blast wave vs.
equivalence ratio for stoichiometric C2H2-
O2 and C3H8-O2 initiator mixtures. Center
initiation location.
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Figure 22: Mach number of blast wave de-
rived from shock jump conditions for stoi-
chiometric C2H2-O2 and C3H8-O2 initiator
mixtures. Center initiation location.
blast peak pressure and the secondary peak pressure is not affected by the change in
initiator mixture except for an equivalence ratio of 2.5, (Fig. 14), where the secondary
peak pressure occurs 2 ms after the blast wave peak, compared to 1.5 ms (0.6 m) and
1 ms (1.2 m) after the blast wave peak pressure for the propane-oxygen initiator mixture.
3.5 Initiation Location
The initiation location of the balloon charge was investigated by moving the balloon
retainer towards the end of the initiator tube. This placed the end of the initiator tube
6 mm above the bottom of the balloon, Fig. 2. The entire assembly was then lowered so
that the location of the balloon center with respect to the pencil gauges was unaltered.
For all experiments conducted with the bottom initiation location, the stronger C2H2-O2
initiator mixture was used.
For equivalence ratios of 1 and 1.5, the peak pressure of the blast wave is higher
for the bottom initiation location than for the center initiation location. The maximum
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Figure 23: Comparison of Sachs’ E1-scaled
blast wave peak pressure vs. scaled dis-
tance for the C2H2-O2 initiator mixture.
Center initiation location. Gauge loca-
tions: 0.6 m and 1.2 m.
equivalence ratio
p
(M
Pa
)
1 1.5 2 2.5 30
0.01
0.02
0.03
0.04
0.05 p blastwave 0.6m (C2H2, c)
p blastwave 1.2m (C2H2, c)
p secondary 0.6m (C2H2, c)
p secondary 1.2m (C2H2, c)
Figure 24: Peak blast wave pressure and
peak pressure of secondary pressure rise vs.
equivalence ratio for stoichiometric C2H2-
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Figure 25: Comparison of blast wave pres-
sure and peak pressure of secondary pres-
sure rise for C2H2-O2 and C3H8-O2 initia-
tor mixtures. Center initiation location.
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Figure 26: Comparison of blast wave pres-
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Gauge location: 1.2 m.
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Figure 28: Comparison of secondary wave
peak time for C2H2-O2 and C3H8-O2 ini-
tiator mixtures. Center initiation location.
Gauge location: 0.6 m.
blast wave pressure occurs at Φ = 1 and not Φ = 1.5 as observed for the center initiation
location, Fig. 29. The decrease of blast wave pressure with increasing equivalence ratio
is also more pronounced for bottom initiation location. The blast wave pressures for Φ =
2 are lower for the bottom initiator location. The secondary pressure rise is independent
of the initiation location for Φ > 2. For the bottom initiation location a secondary
pressure rise occurs for Φ = 2, Fig. 31 and 32, but up to 40% lower depending on the
gauge location. For Φ ≥ 2.5, the peak pressures of the secondary pressure rise for both
initiation locations are within 15%. For Φ = 3, it was difficult to determine the peak
of the secondary pressure rise, since the reflected wave of the wall reached the gauges
simultaneously.
The positive impulse for Φ = 1 and 1.5 is higher for the bottom than the center
initiation location and lower for Φ > 1.5, Fig. 33. The positive impulse follows the trend
of the blast peak pressure for Φ = 1 and 1.5 and secondary pressure rise Φ = 2–3 for
the change in initiation location. The point in time at which the maximum impulse is
measured is increased by 0.5 ms for an equivalence ratio of 2 for the bottom initiation
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Figure 29: Comparison of blast wave pres-
sure for center and bottom initiation loca-
tions. C2H2-O2 initiator mixture.
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Figure 31: Comparison of blast wave pres-
sure and peak pressure of secondary pres-
sure rise for center and bottom initia-
tion locations. C2H2-O2 initiator mixture.
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Figure 32: Comparison of blast wave pres-
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Figure 35: Delay between blast wave peak
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Figure 37: Schematic of model process used to analyze the primary and secondary com-
bustion events. The designated states labeled zero to four are given above the flow chart.
location, which is caused by the later secondary pressure rise, Fig. 34. The time between
the primary and secondary pressure peak is increased for Φ = 2 from 0.75 ms to 1.4 ms.
The delay is measured to be approximately the same at 0.6 m and 1.2 m since the
blast waves for Φ ≥ 2 have a Mach number smaller than 1.1. The secondary pressure
rise is characterized by a smooth pressure rise and nearly constant propagation velocity
suggesting that an acoustic source for the secondary pressure rise is located within a
radius of 0.6 m around the balloon center.
3.6 Analysis of Secondary Combustion Process
The entire combustion process can be divided up into four steps, Fig. 37, in order to
carry out a simplified quantitative analysis. First, the primary combustion of the rich
propane-oxygen mixture of state 0 is modeled by a constant volume combustion. Second,
the hot products at state 1 are isentropically expanded to state 2 atmospheric pressure.
Third, the expanded products are mixed in a chemically frozen process with cold air to
form a stoichiometric mixture at state 3. Fourth, the secondary combustion of state 3 is
modeled as a constant pressure reaction at a pressure of 1 atm to obtain the final state
4 of fully oxidized products.
The primary combustion event produces partially oxidized products with a composi-
tion, Fig. 38, that depends strongly on the primary equivalence ratio. The pressure and
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temperature of state 1 are strong functions of the primary equivalence ratio, Fig. 39. The
temperature is a maximum of 3600 K for Φ = 1 and decreases with increasing equivalence
ratio to 2200 K for Φ = 3. Isentropic, chemically-equilibrated expansion to atmospheric
pressure, Fig. A.5.1 and 41, results in a decrease in temperature to 2900 K for Φ = 1
and 1100 K for Φ = 3. For equivalence ratios near 1, the expanded products are nearly
completely oxidized and secondary combustion can not take place. For higher equiva-
lence ratios, the partially-oxidized species H2 and CO are predominantly present in the
products and if the temperature of the expanded products is sufficiently high, further
oxidation can occur. The temperature of the products drops significantly, Fig. 42, during
the expansion to atmospheric pressure.
Due primarily to the temperature dependence (Fig. 40) of the chemical equilibrium,
a shift in the composition during expansion is occurring, Fig. 38. The increasing mole
fraction of H2O and deceasing mole fraction of H2 during the expansion for Φ < 2 are
caused by the temperature dependence of the water-gas shift reaction, which favors H2O
over H2 at lower temperature. Furthermore, the recombination of available OH and H
leads to an increase in H2O during the expansion for Φ < 2.5, Fig. A.5.2. The increasing
amount of CO2 during the expansion is caused by the combination of CO with the
available molecular and atomic oxygen for Φ < 2, Fig. A.5.3. For Φ > 2, the shift
during the expansion is minor for all species. The volume of the expanded products of
the primary combustion is decreasing with increasing equivalence ratio due to the lower
temperature. The balloon of volume 1.5 l expands to a volume of approximately 20 l for
Φ = 1 compared to 14 l for Φ = 3, Table 1. This corresponds to a fireball diameter of
approximately 0.34 m for Φ = 1 and 0.30 m for Φ = 3.
The amount of air needed to create a stoichiometric mixture in state 3 increases with
increasing equivalence ratio of the initial balloon composition, Table 1. For the 1.5 l
balloon charge and an initial equivalence ratio of 3, approximately 9 l of air at normal
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conditions are needed to create a stoichiometric mixture at state 3. The temperature at
state 3, after mixing with cold air, decreases rapidly as the equivalence ratio increases,
Fig. 43. For equivalence ratios of 2.5 and 3, the temperature at state 3 is 700 K and
550 K, respectively.
Volume in l based on 1.5 l balloon charge at state 0
State 0 State 1 Air added State 4 ∆ V
Φ C3H8 O2 after expansion T=297K final displacement
1 0.25 1.25 20.3 0.00 20.2 0
1.5 0.34 1.15 22.5 2.75 42.3 17.0
2 0.42 1.07 20.2 5.10 61.0 35.7
2.5 0.50 1.00 17.1 7.14 77.7 53.4
3 0.56 0.93 14.5 8.93 92.5 69.1
Table 1: Volume calculated for different states in the modeled combustion process. All
volumes are given in l and based on the initial balloon charge of 1.5 l at state 0.
The final (state 4) temperature (Fig. 43) and specific volume (Fig. 44) have a weak
dependence on the initial equivalence ratio. Secondary combustion results in products
at state 4 with final temperatures that are between 2500 and 2850 K for initial equiva-
lence ratios between 3 and 1. The combustion of the partially oxidized products almost
completely compensates for the decrease in temperature due to mixing with the cold air.
The total volume ∆V displaced by the secondary combustion process can be calculated
by subtracting the volume of the expanded products (state 2) and the added air from
the final volume (state 4). The displaced volume increases approximately linearly with
increasing equivalence ratio up to a maximum value of 70 l for an initial equivalence ratio
of 3, Fig. 45. Note that this model does not take into account the rates of reaction, the
reaction rate dependence on temperature, or the mixing process. We expect that this
thermodynamic model is, at best, a rough guide to the overall behavior of the fireball.
The estimates for maximum volume displacement will be most reliable when the tem-
perature of state 3 is high enough that reaction will occur rapidly, that is, faster than on
the time scale of 2-3 ms that is observed for the duration of the secondary pressure wave.
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The experimental results indicate that this is the case for equivalence ratios between 2
and 2.5. However, for equivalence ratio 3, the reaction rates are apparently too slow for
the secondary combustion to occur.
3.7 Acoustic Approach to Secondary Combustion
This section outlines a simple technique for analyzing the pressure waves that are gen-
erated by secondary combustion. The idea behind this is to treat the pressure wave
generation process as being equivalent to a spherically-symmetric volume source that is
centered about the balloon origin. Physically, the source of volume is the gas expansion
and mole change resulting from mixing and combustion of the partially-oxidized fireball
with the surrounding air.
The volume displacement rate Q = dV/dt can be related, see Landau and Lifshitz
(1987), to the pressure perturbation p′ at a distance r from the volumetric source origin
using the acoustic potential φ,
p′ = p− p0 = ρ0 ∂ φ(r, t)
∂ t
, (4)
φ(r, t) = −Q(t − r/c)
4pi r
, (5)
where p0 is the pressure, ρo the density, and c the speed of sound of the surrounding air.
The pressure perturbation p′ is determined by the time derivative of the displacement
rate
p′(r, t) = ρ0
Q˙(t − r/c)
4pi r
, (6)
which can be inverted to determine the volumetric displacement rate from the measured
pressure signals
Q(t) =
dV
dt
=
4pi R
ρ0
t∫
0
p′(t˜ +R/c) dt˜ (7)
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where the pressure is measured at a distance R = r. The volumetric displacement rate is,
therefore, proportional to the integrated pressure signal. Computations for several shots
at Φ = 2.5 are shown below in Figs. 46-51. Only the contribution due to the secondary
combustion is shown and the range of integration has been selected based on visual
inspection of the signals. The volume displacement rate smoothly increases from zero to
a maximum value and then decays back to zero again. The time history is asymmetric,
with a rise time that is slightly smaller than the decay time. The time history of the
displacement rate reflects the finite duration of the secondary combustion event and also
the gradual nature of the initiation and termination of combustion. Initially, the source
term is zero and begins to rise only after a certain amount of mixing and reaction has
taken place. Only a finite amount of partially-oxidized material is available for secondary
combustion and once most of that has been consumed, the volume generation rate begins
to decrease and ultimately returns to zero once the supply of partial oxidation products
is exhausted. A consequence of this behavior is that the time integral of the negative and
positive phases of the pressure signal have to cancel out so that Q(t) approaches zero for
large times, Eq. 7.
The four analyzed shots (104, 105, 174, and 175) were all carried out with the center
initiation location and an equivalence ratio of 2.5. The interval for integration was
chosen from the beginning of the secondary pressure rise to the arrival of the reflected
wave from the wall. In shots 104 and 105, C3H8-O2 was used as the initiator; in shots 174
and 175, C2H2-O2 was used. Depending on the gauge location and initiator mixtures,
the maximum displacement rate Q is found to be approximately 16 to 20 m3/s. For the
gauge located at 1.2 m, the wave reflected from the wall reaches the gauge before the
pressure measured at the gauge reached ambient pressure. The integration is stopped at
this point in time, since the negative phase of the pressure history is superimposed on
the reflected wave. The computed volume displacement rate does not return to zero in
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Figure 46: Shot 106, Φ = 2.5. Volume displacement rate calculated from
Eq. 7 using the pressure history obtained at 0.6 m. The integration was
carried out from 3.1 ms to 7.04 ms. The time delay of R/c is not taken
into account.
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Figure 47: Shot 106, Φ = 2.5. Volume displacement rate calculated from
Eq. 7 using the pressure history obtained at 0.6 m. The integration was
carried out from 4.85 ms to 7.82 ms. The time delay of R/c is not taken
into account.
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Figure 48: Shot 104 and 106, both Φ = 2.5. Volume displacement rate
calculated from Eq. 7 for both gauge locations taking the delay time R/c
into account, where R is the distance from the gauge to the fireball and c
is the speed of sound.
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Figure 49: Shot 174, Φ = 2.5. Volume displacement rate calculated from
Eq. 7 using the pressure history obtained at 0.6 m. The integration was
carried out from 3.1 ms to 7.04 ms. The delay time of R/c is not taken
into account.
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Figure 50: Shot 174, Φ = 2.5. Volume displacement rate calculated from
Eq. 7 using the pressure history obtained at 1.2 m. The integration was
carried out from 4.85 ms to 7.82 ms. The delay time of R/c is not taken
into account.
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Figure 51: Shot 174 and 175, both Φ = 2.5. Volume displacement rate
calculated from Eq. 7 for both gauge locations taking the time R/c into
account, where R is the distance from the gauge to the fireball and c is the
speed of sound.
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this case. Taking into account the delay in wave travel to the gauge location at 0.6 and
1.2 m, there is good agreement between the Q derived from the gauge locations at 0.6
and 1.2 m, Fig. 48 and Fig. 51. The volume displacement rate derived from the gauge
location at 1.2 m is slightly larger than the ones derived from the gauge at 0.6 m. The
maximum in the volume displacement rate occurs at about 2.8 ms after the ignition.
The net volume displacement ∆V (Fig. 52) can be obtained by integrating the vol-
ume displacement rate (Fig. 48, 51) for the time interval considered. The total volume
displacement (C3H8-O2 initiator) derived from the gauge at 0.6 m is 23 l and, for the
gauge at 1.2 m, is 25 l. For the experiments using C2H2-O2 initiators, ∆V ranges between
28 l and 30 l. These values are 44-56% of the total volume displacement of 53 l derived
from the ideal thermodynamic model discussed in the previous section. The thermody-
namic model assuming a stoichiometric mixture at state 3 is the upper bound of volume
displacement that can be achieved. Furthermore, for slower volume displacement rates
not the entire total volume displacement contributes to the pressure rise.
The volume displacement determined by the acoustic analysis can be compared with
the apparent volume of the luminous fireball observed on the high-speed video. The fire-
ball luminous volume (Fig. 53) was determined numerically by assuming a cylindrically-
symmetric fireball shape and performing a numerical integration on a frame-by-frame
basis. The visual edge of the fireball was defined by applying a threshold filter to each
image. For Φ = 2.5, the steepest increase in luminous volume occurs at approximately
2.8 ms, which agrees with the time of the maximum volume displacement rate derived
from the acoustic analysis. The maximum value of the luminous volume is about two
times larger than the volume displacement determined by the acoustic analysis for this
case. This is not unreasonable since the luminous volume is not expected to be fully
mixed and there are probably substantial “funnels” or “pockets” of air within the lu-
minous region that are not molecularly mixed or reacted with the combustion products.
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Figure 52: Volume displacement ∆V derived from integrating the volume
displacement rate Q shown in Fig. 51 and Fig. 48. Φ = 2.5, C3H8-O2 and
C2H2-O2 initiator mixture.
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Figure 53: Volume displacement ∆V derived from integrating the volume
displacement rate Q shown in Fig. 51 and integrated volume of fireball
from high speed video. Shot 106. Φ = 2.5, C3H8-O2 initiator mixture.
The delay time of R/c is included.
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Figure 54: Luminous volume of fireball determined by analyzing the high-
speed video for shots at several different equivalence ratios. C3H8-O2 ini-
tiator mixture.
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For Φ < 2.5, the luminous volume increases much more rapidly, Fig.54, than at higher
equivalence ratios. For Φ > 2.5, the luminous volume increases very slowly which agrees
with the lack of a definite secondary pressure wave for these cases. More observations
about the luminous volume time dependence are given in the subsequent section.
3.8 High-speed camera imaging
A high-speed camera was used to record the natural luminosity of the fireball. The
camera was operated at 11200 frames per second, has a resolution of 256×256 pixels,
and an exposure time of 2µs. This camera was used to image the experiments for the
center initiation location and the C3H8-O2 initiator mixture. An 18-mm lens (Nikon,
18-35MM F/3.5-D ED zoom Nikkor) with an aperture between f/3.5 and f/11 was used
to image the event over a field of view of 0.57 m × 0.57 m. The spectral sensitivity range
was approximately between 300 and 800 nm. The sequence of images obtained for a shot
with equivalence ratio of 1.5 shows that the balloon stretches slightly before it ruptures,
Fig. 55 and B.22. On the second frame can be seen the light-bulb-shaped outline of the
initial balloon shape. The time t = 0 coincides with the initiation of the spark plug
Figure 55: Sequence of high-speed movie for Φ = 1.5 (shot 111).The complete sequences
for all high-speed movies is shown in Sec. B.
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in the initiator tube. The detonation emerges out of the initiator tube at approximately
0.5 ms and illuminates the balloon from the inside. Despite the balloon opacity, one can
identify on some image sequences (e.g., Fig. B.10) the diffracting detonation emerging
from the initiator tube into the balloon. For higher equivalence ratios, the balloon seems
to rupture at a later point in time and expands further, see App. B. Also, for higher
equivalence ratios, the luminosity is occurring slower and the fireball remains for a much
longer duration, Fig. 56.
The images were analyzed to find the variation of total luminosity as a function of
time. The luminosity is derived by averaging the counts of all pixels for each frame
individually and normalizing by the brightest frame, since different aperture settings
were used for different shots. Saturation effects which are observed in some images are
neglected in this analysis. The maximum luminosity occurs 2.5 ms after the ignition of
the initiator tube for Φ = 1 and at 13 ms for Φ = 3. There have been extensive studies
(AIChE, 1994) of fireballs created by the sudden release and combustion of fuel clouds.
For example, large-scale experiments (Dorofeev et al., 1995a) with up to 100 tonne of
liquid fuel resulted in a maximum heat flux about 1 s after the ignition. The heat flux,
fireball duration, and maximum size of the fireball increase with increasing mass of fuel
(AIChE, 1994) so the long duration of these large fireballs is not unexpected. There are
few data on small fireballs of partially-oxidized products so it is not possible to directly
compare the present results with those of previous studies.
The pressure traces from the gauges located at 0.6 and 1.2 m can be overlayed with
the high-speed video. The time between the pressure wave leaving the balloon edge and
detection at the pressure gauge can be calculated assuming a spherical shock wave. This
enables identifying the image frame which corresponds to the point in time at which
a shock wave was sent out from the fireball center. The Mach number at the pencil
gauge can be computed using the shock jump conditions and the velocity as a function
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Figure 56: Luminosity derived from high-speed videos by averaging the luminosity of
each frame and normalizing by the peak luminosity.
of distance can be derived by using the inverse dependence of pressure on distance:
Ma =
(
∆p
p0
γ + 1
2 γ
+ 1
) 1
2
(8)
u(x) = a0
(
∆pgauge
p0
xgauge
x
γ + 1
2 γ
+ 1
) 1
2
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∆t(xgauge) =
xgauge∫
0.07m
1
a0
(
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x
γ + 1
2 γ
+ 1
)− 1
2
dx, (10)
where Ma is the Mach number of the shockwave, ∆p is the pressure jump, p0 is the
ambient pressure (1 atm), and γ the specific heat ratio of the surrounding air. The shock
velocity in the lab frame is u(x) at a distance x from the balloon center, where ∆pgauge is
the pressure jump measured at the gauge location with a distance xgauge. The transit time
∆t(xgauge) of the shock wave to travel from the balloon edge (0.07 m) to the gauge location
xgauge (0.6 or 1.2 m). The transit time ∆t(xgauge) is obtained by integrating the inverse
velocity over the distance. For the blast wave peak pressure of 24 kPa and 9 kPa measured
at 0.6 m and 1.2 m respectively for Φ = 1 (shot 113), the wave transit time is 1.29 ms
and 3.02 ms. The blast wave is detected at the gauges at 2.07 ms (0.6 m) and 3.62 ms
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Figure 57: Transit time ∆t that a blast
wave needs to travel from the balloon edge
(0.07 m) to the gauge located at 0.6 m
and 1.2 m as a function of the blast wave
peak pressure measured at the correspond-
ing gauges, Eq. 10. A blast wave pressure
decay of 1/r is assumed.
(1.2 m). The time that the blast wave originated from the balloon edge is computed to be
2.07-1.29=0.78 ms and 3.62-3.02=0.6 ms. This implies that the shockwave is generated
at about 0.7 ms, which corresponds well to Frame 4 in the high speed image sequence
shown in Fig. 55. In Frame 4 the balloon is fully illuminated but not expanded, so the
primary blast wave seems to get transmitted through the balloon. Uncertainties in this
analysis can be caused by the time-base uncertainty of the high-speed movie which can
be up to 1 frame, since the camera is used in pre-trigger mode. Furthermore, the blast
wave might decay slower than the assumed 1/r dependence, Dorofeev et al. (1995b). For
higher equivalence ratios and weaker blast waves, the transit time (Fig. 57) is increased.
For Φ = 2.5 (shot 105), the peak pressures of the blast wave at 0.6 m and 1.2 m are
10.8 kPa and 6.1 kPa and the corresponding ∆t are 1.38 ms and 3.23 ms, respectively.
This leads to a blast wave generation time for the 0.6 and 1.2 m gauges respectively of
0.65 ms and 0.54 ms.
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An event corresponding to the secondary pressure rise can not be clearly identified
from the high-speed imaging. Assuming a propagation speed of the secondary pressure
rise equal to the sound speed, the point in time corresponding to the secondary pressure
rise in the high-speed image sequence can be back-calculated in the fashion illustrated
above for the blast wave. For some cases, this time falls during the rupture of the balloon.
Further investigation is required in order to be more specific in correlating the images
with the secondary pressure rise.
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4 Conclusions
A series of experiments was carried out to investigate the effect of fireball composition
on secondary combustion. The fireball was created from a 1.5 liter balloon filled with
a propane-oxygen mixture (1< Φ <3) and initiated by a detonation. Two initiation
locations and two initiator strengths were studied. Two pencil pressure gauges located
at 0.6 and 1.2 m and in some experiments, simultaneous high-speed imaging, were used
as diagnostics. For Φ > 1, the incompletely oxidized products from the primary burn
mix with the surrounding air and may be oxidized in a secondary combustion process.
The unique feature of the present experiments was a repeatable secondary pressure
pulse for sufficiently rich mixtures. For the configurations studied, the effect of the sec-
ondary pressure rise was most pronounced for Φ = 2.5. For 2.5 > Φ > 1.75, a smoother
secondary pressure rise occurred between 1 and 3 ms after the primary blast wave, de-
pending on the equivalence ratio. The secondary pressure was observed repeatably for
all initiation configurations. For Φ = 2, the secondary pressure rise magnitude exceeds
the primary blast peak pressure. The nature of the secondary pressure pulse is a strong
function of the initial equivalence ratio. For Φ = 1 and 1.5, no secondary pressure waves
are observed. This is apparently due to the lack of fuel in these near-stoichiometric mix-
tures. For Φ = 1.75, the volume displacement is sufficiently rapid that weak shock waves
are generated by the secondary combustion process. For 2.5 > Φ > 2, the volume dis-
placement rate is a smooth function of time and is consistent with progressive mixing and
combustion of the fireball with the surrounding air. For Φ = 3, no distinct secondary
combustion pressure wave is observed. This is consistent with the cold temperatures
predicted for the expanded fireball.
An acoustic analysis of the measured pressure histories has been carried out to infer
the rate of volume displacement and the total volume displaced by the secondary com-
bustion. The results of the acoustic analysis are in reasonable agreement with a simpli-
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fied thermodynamic model predicting the total volume displacement assuming constant-
pressure combustion for the secondary burn. An analysis of the fireball luminosity of the
high-speed images was performed and the volume of luminous gas was estimated. The
point in time of the most rapid luminous volume increase derived from the high-speed
videos coincides with the point in time of the largest volume displacement rate derived
from the acoustic analysis.
The pressure and impulse measurements indicate that the explosions of the rich
propane-oxygen mixtures have some unusual characteristics in the near-to-intermediate
field measurement locations used in this study. For nearly stoichiometric mixtures, Φ
= 1 and 1.5, the leading blast wave peak pressures and impulses are comparable with
the previously-measured gaseous and high explosive blasts when the energy content of
the balloon only is used to formulate Sachs scaling variables. This is consistent with a
detonation being initiated in the balloon at these equivalence ratios. The peak pressure
of the leading wave rapidly decreases below the energy-equivalent reference blast values
as the equivalence ratio is increased. This is consistent with a much slower combustion
process than detonation for Φ > 2. At Φ = 3, the peak blast pressure is only 15% of the
reference blast pressure, consistent with a flame speed of 60 m/s.
For all intermediate equivalence ratios, 2.75 > Φ > 1, the Sachs-scaled agrees well
with the predictions on the basis of the energy in the balloon alone. This is consistent
with a non ideal explosion resulting in a pressure decay following the leading blast that
is slower than the reference case and also, for 2.5 > Φ > 1.75, a significant contribution
from the secondary combustion. Although the impulse is as expected on the basis of
the balloon contents alone, the augmentation due to mixing and combustion with the
surrounding air is still lower than what could be achieved if all the fuel was rapidly and
completely oxidized. From a purely thermodynamic point of view, at least a factor of
two increase in the impulse over the values obtained in this study for 3 ≤ Φ ≤ 2 may be
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possible for the richest cases.
One of the key results of the present study has been the documentation of the existence
of the secondary pressure wave. Previous studies on rich fireball combustion in high
explosives have focused on examining the contribution of fireball mixing and combustion
to pressure over much longer times for which the confinement plays a significant role. In
contrast, the present study has emphasized the acoustic nature of the secondary pressure
waves and the origin of these pressure waves due to the processes at the interface between
the fireball and the atmosphere. The presence of the secondary pressure peak and the
higher impulses indicate that there is the potential for significant enhancement of the
blast through secondary combustion. Further experiments are needed to determine if
interaction of reflected shock waves with the fireball can be used to increase the mixing
and combustion rates in order to enhance the secondary pressure pulse. The secondary
pressure pulse also provides a very demanding test for mathematical modeling of the
secondary combustion process since it is proportional to the time derivative of the volume
generation rate.
4.1 Future Directions
The present experiments are first steps in providing detailed experimental data and
developing an understanding of the mechanics of the secondary combustion of partially-
oxidized combustion products in fireballs. Clearly, secondary combustion is a very com-
plex phenomenon requiring detailed considerations of chemical and physical processes
together with multi-dimensional numerical modeling of the fireball and chemical reac-
tions in order to make quantitative analyses. Additional experiments will be needed to
clarify the appropriate physical and chemical models and also to provide detailed data
for validating simulations. These experiments include:
1. Visualization of the fireball-air mixing interface by light sheet scattering techniques.
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2. Effect of reflected and focusing pressure waves on the intensity of secondary com-
bustion.
3. Influence of balloon membrane - this could be examined by using large soap bubbles
to contain the initial mixture.
4. Effect of particulates within the fireball - combustible and inert - on the secondary
combustion event.
5. Quantifying the time-dependence of the species within the fireball and mixing zone.
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A.1.1: Peak pressure for C3H8-O2 initia-
tor. Center initiation location.
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A.1.2: Peak pressure for C3H8-O2 initia-
tor. Center initiation location.
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tor. Center initiation location.
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tor. Center initiation location.
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A.1.5: Peak pressure for C3H8-O2 and
C2H2-O2 initiator. 0.6 m. Center initia-
tion location.
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A.1.6: Peak pressure for C3H8-O2 and
C2H2-O2 initiator. 1.2 m. Center initia-
tion location.
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A.1.7: Peak pressure for center and bot-
tom initiation location. 0.6 m. C2H2-O2
initiator mixture.
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A.1.8: Peak pressure for center and bot-
tom initiation location. 1.2 m. C2H2-O2
initiator mixture.
A.1 Peak pressure 49
Sachs scaled distance
Sa
ch
s
sc
a
le
d
bl
a
st
pe
a
k
pr
e
ss
u
re
1.5 2 2.5 3 3.5
0.1
0.2
0.3
0.4
0.5
0.6 Baker 1980Dorofeev 1996
0.6m (C3H8, c)
1.2m (C3H8, c)
0.6m (C2H2, c)
1.2m (C2H2, c)
Φ=2
Φ=1
Φ=3
Φ=1
Φ=3
Φ=2
A.1.9: E1-Sachs-scaled impulse for both
initiator mixtures versus Sachs-scaled
distance. Center initiation location.
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A.1.10: E1-Sachs-scaled peak pressure
for center and bottom initiation location
versus Sachs-scaled distance. C2H2-O2
initiator mixture.
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A.1.11: E2-Sachs-scaled impulse for
both initiator mixtures versus Sachs-
scaled distance. Center initiation loca-
tion.
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A.2.1: Impulse for both initiator mix-
tures versus equivalence ratio. Center
initiation location.
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alence ratio. Center initiation location.
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A.2.3: Impulse for both initiation loca-
tions versus equivalence ratio. C2H2-O2
initiator mixture.
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A.2.4: Maximum impulse point in
time for both initiation lo actions ver-
sus equivalence ratio. C2H2-O2 initiator
mixture.
A.2 Impulse 51
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A.2.5: E1-Sachs-scaled impulse for both
initiator mixtures versus Sachs-scaled
distance. Center initiation location.
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A.2.6: E2-Sachs-scaled impulse for both
initiator mixtures versus Sachs-scaled
distance. Center initiation location.
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A.2.7: E1-Sachs-scaled impulse for cen-
ter and bottom initiation location versus
Sachs-scaled distance. C2H2-O2 initiator
mixture.
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A.2.8: E2-Sachs-scaled impulse for cen-
ter and bottom initiation location versus
Sachs-scaled distance. C2H2-O2 initiator
mixture.
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A.3 Time to Secondary Pressure Peak
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A.3.1: Time to secondary pressure peak
for both initiator mixtures versus equiv-
alence ratio. Center initiation location.
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A.3.2: Time to secondary pressure peak
for both initiation locations versus equiv-
alence ratio. C2H2-O2 initiator mixture.
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A.4 Pressure traces
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A.4.1: Examples of pressure traces for replica tests obtained from the pencil gauge at
0.6 m. C3H8-O2 initiator mixture. Center initiation location.
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A.4.2: Examples of pressure traces for replica tests obtained from the pencil gauge at
1.2 m. C3H8-O2 initiator. Center initiation location.
A.5 Species shift during expansion 55
A.5 Species shift during expansion
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A.5.1: Pressure-volume relationship for
chemically-equilibrated isentropic expan-
sion to atmospheric pressure calculated for
different equivalence ratios of the primary
combustion.
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A.5.2: Shift in OH and H mole fraction
for chemically-equilibrated isentropic ex-
pansion from state 1 to state 2 to atmo-
spheric pressure.
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A.5.3: Shift in O2 and O mole fraction
for chemically-equilibrated isentropic ex-
pansion from state 1 to state 2 to atmo-
spheric pressure. Note that Φ only ranges
from 1 to 2.
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A.5.4: Shift in major species for
chemically-equilibrated isentropic expan-
sion from state 1 to state 2 to atmospheric
pressure calculated for Φ=1.
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A.5.5: Shift in major species for
chemically-equilibrated isentropic expan-
sion from state 1 to state 2 to atmospheric
pressure calculated for Φ=1.5.
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A.5.6: Shift in major species for
chemically-equilibrated isentropic expan-
sion from state 1 to state 2 to atmospheric
pressure calculated for Φ=2.
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A.5.7: Shift in major species for
chemically-equilibrated isentropic expan-
sion from state 1 to state 2 to atmospheric
pressure calculated for Φ=2.5.
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A.5.8: Shift in major species for
chemically-equilibrated isentropic expan-
sion from state 1 to state 2 to atmospheric
pressure calculated for Φ=3.
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A.6 Pencil gauge calibration
Input Pressure Jump (MPa)
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A.6.1: Calibration curves obtained from shock
tube experiments for the two pencil gauges used.
The shock strength ranging from Mach number
1.1 to 1.3 was calculated from the time of ar-
rival of the shock wave at two pressure trans-
ducers in the shock tube wall spaced 0.5 m.
Using a least square linear fit the sensitivi-
ties are 18.15 mV/kPa (SN2693, 1.2 m) and
15.37 mV/kPa (SN2699, 0.6 m). The errors in
the sensitivities are below 5%.
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B Highspeed movies
The high speed movies have an interframe time of 89.3 µs. The field of view is 0.57 ×
0.57 m. The time origin of the time stamp given in the bottom right corner of each
frame is the discharge of the spark plug in the initiator tube.
All image sequences shown are from experiments using the center initiation loca-
tion and the C3H8-O2 initiator mixture. The time ∆t given for both transducers (0.6
and 1.2 m) is the time the blast wave needs to travel from the balloon edge to the gauge,
as derived from Eq.10. The time an acoustic wave needs to travel to the transducers at
0.6 m and 1.2 m is 1.55 ms and 3.33 ms, respectively.
The image sequences are sorted by increasing equivalence ratio.
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B.1: Shot 113, frames 5 to 34, interframe time: 89 µs, Φ = 1, ∆t(0.6 m)=1.08 ms,
∆t(1.2 m)=2.65 ms
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B.2: Shot 113, frames 35 to 49, interframe time: 89 µs, Φ = 1, ∆t(0.6 m)=1.29 ms,
∆t(1.2 m)=3.02 ms
t (ms)
pr
e
ss
u
re
(kP
a
)
0.
6
m
1 2 3 4 5 6 7
0
10
20
t (ms)
pr
e
ss
u
re
(kP
a
)
1.
2
m
1 2 3 4 5 6 7-4
-2
0
2
4
6
8
10
B.3: Shot 113. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.4: Shot 110, frames 5 to 34, interframe time: 89 µs, Φ = 1.5, ∆t(0.6 m)=1.09 ms
(signal cut off), ∆t(1.2 m)=2.45 ms
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B.5: Shot 110, frames 35 to 49, interframe time: 89 µs, Φ = 1.5, ∆t(0.6 m)=1.3 ms
(signal cut off), ∆t(1.2 m)=2.9 ms
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B.6: Shot 110. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.7: Shot 111, frames 5 to 34, interframe time: 89 µs, Φ = 1.5, ∆t(0.6 m)=1.17 ms,
∆t(1.2 m)=2.69 ms
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B.8: Shot 111, frames 35 to 49, interframe time: 89 µs, Φ = 1.5, ∆t(0.6 m)=1.35 ms,
∆t(1.2 m)=3.04 ms
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B.9: Shot 111. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.10: Shot 112, frames 5 to 34, interframe time: 89 µs, Φ = 1.5, ∆t(0.6 m)=1.16 ms,
∆t(1.2 m)=2.69 ms
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B.11: Shot 112, frames 35 to 49, interframe time: 89 µs, Φ = 1.5, ∆t(0.6 m)=1.34 ms,
∆t(1.2 m)=3.04 ms
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B.12: Shot 112. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.13: Shot 107, frames 5 to 34, interframe time: 89 µs, Φ = 2, ∆t(0.6 m)=1.29 ms,
∆t(1.2 m)=2.95 ms
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B.14: Shot 107, frames 35 to 49, interframe time: 89 µs, Φ = 2, ∆t(0.6 m)=1.43 ms,
∆t(1.2 m)=3.17 ms
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B.15: Shot 107. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.16: Shot 108, frames 5 to 34, interframe time: 89 µs, Φ = 2, ∆t(0.6 m)=1.31 ms,
∆t(1.2 m)=2.91 ms
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B.17: Shot 108, frames 35 to 49, interframe time: 89 µs, Φ = 2, ∆t(0.6 m)=1.44 ms,
∆t(1.2 m)=3.15 ms
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B.18: Shot 108. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.19: Shot 109, frames 5 to 34, interframe time: 89 µs, Φ = 2, ∆t(0.6 m)=1.30 ms,
∆t(1.2 m)=2.87 ms
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B.20: Shot 109, frames 35 to 49, interframe time: 89 µs, Φ = 2, ∆t(0.6 m)=1.43 ms,
∆t(1.2 m)=3.14 ms
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B.21: Shot 109. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.22: Shot 103, frames 5 to 34, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.40 ms,
∆t(1.2 m)=3.10 ms
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B.23: Shot 103, frames 35 to 49, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.49 ms,
∆t(1.2 m)=3.24 ms
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B.24: Shot 103. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.25: Shot 104, frames 5 to 34, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.41 ms,
∆t(1.2 m)=3.07 ms
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B.26: Shot 104, frames 35 to 49, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.49 ms,
∆t(1.2 m)=3.22 ms
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B.27: Shot 104. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.28: Shot 105, frames 5 to 34, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.39 ms,
∆t(1.2 m)=3.08 ms
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B.29: Shot 105, frames 35 to 49, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.48 ms,
∆t(1.2 m)=3.23 ms
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B.30: Shot 105. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.31: Shot 106, frames 5 to 34, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.42 ms,
∆t(1.2 m)=3.10 ms
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B.32: Shot 106, frames 35 to 49, interframe time: 89 µs, Φ = 2.5, ∆t(0.6 m)=1.49 ms,
∆t(1.2 m)=3.24 ms
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B.33: Shot 106. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.34: Shot 114, frames 5 to 34, interframe time: 89 µs, Φ = 3, ∆t(0.6 m)=1.49 ms,
∆t(1.2 m)=3.25 ms
83
B.35: Shot 114, frames 35 to 49, interframe time: 89 µs, Φ = 3, ∆t(0.6 m)=1.41 ms,
∆t(1.2 m)=3.12 ms
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B.36: Shot 114. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
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B.37: Shot 115, frames 5 to 34, interframe time: 89 µs, Φ = 3, ∆t(0.6 m)=1.43 ms,
∆t(1.2 m)=3.13 ms
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B.38: Shot 115, frames 35 to 49, interframe time: 89 µs, Φ = 3, ∆t(0.6 m)=1.50 ms,
∆t(1.2 m)=3.25 ms
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B.39: Shot 115. Pressure traces from the pencil gauges located at 0.6 and 1.2 m.
86 B HIGHSPEED MOVIES
87
C Shotlist
shot equiv. initiation initiator
num- ratio location mixture
ber Φ (b)ottom/ (c)enter
54 1 c C3H8
55 1 c C3H8
56 1.5 c C3H8
57 2 c C3H8
58 2 c C3H8
59 1.5 c C3H8
60 1.75 c C3H8
61 1.75 c C3H8
63 2.5 c C3H8
64 2.5 c C3H8
65 3 c C3H8
66 3 c C3H8
67 2.75 c C3H8
68 2.75 c C3H8
69 2.25 c C3H8
70 2.25 c C3H8
72 1 c C3H8
73 1 c C3H8
74 1.5 c C3H8
75 1.5 c C3H8
76 2 c C3H8
77 2 c C3H8
78 2 c C3H8
79 2.5 c C3H8
80 2.5 c C3H8
81 3 c C3H8
82 3 c C3H8
83 2 c C3H8
84 2 c C3H8
85 2 c C3H8
87 1 c C3H8
88 2 c C3H8
103 2.5 c C3H8
104 2.5 c C3H8
105 2.5 c C3H8
106 2.5 c C3H8
107 2 c C3H8
108 2 c C3H8
109 2 c C3H8
shot equiv. initiation initiator
num- ratio location mixture
ber Φ (b)ottom/ (c)enter
110 1.5 c C3H8
111 1.5 c C3H8
112 1.5 c C3H8
113 1 c C3H8
114 3 c C3H8
115 3 c C3H8
143 1.5 b C2H2
144 1.5 b C2H2
146 1 b C2H2
147 1.5 b C2H2
148 1.5 b C2H2
149 2 b C2H2
150 2 b C2H2
151 2.5 b C2H2
152 2.5 b C2H2
153 2.5 b C2H2
154 2.5 b C2H2
155 2.5 b C2H2
156 2.5 b C2H2
157 2.5 b C2H2
158 3 b C2H2
159 3 b C2H2
161 2.5 b C2H2
162 1.5 b C2H2
163 1.5 b C2H2
164 2 b C2H2
165 1.5 b C2H2
166 1 c C2H2
167 1 c C2H2
168 1.5 c C2H2
169 1.5 c C2H2
170 1.5 c C2H2
171 2 c C2H2
172 2 c C2H2
173 2 c C2H2
174 2.5 c C2H2
175 2.5 c C2H2
176 3 c C2H2
177 3 c C2H2
Table 2: Shotlist of experiments with balloon charge, which were used for the data
analysis and the plots shown in A and the text.
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D Initial balloon shape
The balloon is initially bulb shaped, and differed from shot to shot. In order to quantify the deviation
from a perfact sphere balloon shapes from three experiments are shown in Fig.D.1 along with the outline
of a sphere of the same volume. In Tables 3 to 5 the balloon outline for these shots is given as numerical
values.
Shot 109 Shot 113 Shot114
D.1: Outline of balloon geometry (white) from first high speed video image and ouline
of a sphere (gray) with same volume. The image is cropped to 120×120 pixel which
corresponds to a field of view of 267×267mm.
90 D INITIAL BALLOON SHAPE
x y x y x y x y x y x y
-11.1 -13.4 -8.9 -13.4 -6.7 -13.4 -4.5 -13.4 -2.2 -13.4 0.0 -13.4
2.2 -13.4 4.5 -13.4 6.7 -13.4 8.9 -13.4 11.1 -13.4 13.4 -13.4
15.6 -13.4 17.8 -13.4 20.0 -13.4 -20.0 -15.6 -17.8 -15.6 -15.6 -15.6
-13.4 -15.6 22.3 -15.6 24.5 -15.6 26.7 -15.6 -26.7 -17.8 -24.5 -17.8
-22.3 -17.8 28.9 -17.8 31.2 -17.8 33.4 -17.8 -31.2 -20.0 -28.9 -20.0
35.6 -20.0 37.9 -20.0 -33.4 -22.3 40.1 -22.3 -37.9 -24.5 -35.6 -24.5
42.3 -24.5 44.5 -24.5 -40.1 -26.7 46.8 -26.7 -42.3 -28.9 49.0 -28.9
-44.5 -31.2 51.2 -31.2 -46.8 -33.4 53.4 -33.4 -49.0 -35.6 55.7 -35.6
-51.2 -37.9 57.9 -37.9 -53.4 -40.1 57.9 -40.1 -53.4 -42.3 60.1 -42.3
-55.7 -44.5 62.3 -44.5 -55.7 -46.8 62.3 -46.8 -57.9 -49.0 64.6 -49.0
-60.1 -51.2 64.6 -51.2 -60.1 -53.4 66.8 -53.4 -60.1 -55.7 66.8 -55.7
-62.3 -57.9 66.8 -57.9 -62.3 -60.1 69.0 -60.1 -62.3 -62.3 69.0 -62.3
-64.6 -64.6 69.0 -64.6 -64.6 -66.8 69.0 -66.8 -64.6 -69.0 71.2 -69.0
-64.6 -71.2 71.2 -71.2 -64.6 -73.5 71.2 -73.5 -64.6 -75.7 71.2 -75.7
-64.6 -77.9 71.2 -77.9 -64.6 -80.2 71.2 -80.2 -64.6 -82.4 71.2 -82.4
-64.6 -84.6 71.2 -84.6 -64.6 -86.8 71.2 -86.8 -64.6 -89.1 71.2 -89.1
-64.6 -91.3 71.2 -91.3 -64.6 -93.5 71.2 -93.5 -64.6 -95.7 71.2 -95.7
-64.6 -98.0 69.0 -98.0 -64.6 -100.2 69.0 -100.2 -64.6 -102.4 69.0 -102.4
-62.3 -104.6 69.0 -104.6 -62.3 -106.9 66.8 -106.9 -62.3 -109.1 66.8 -109.1
-62.3 -111.3 66.8 -111.3 -60.1 -113.6 66.8 -113.6 -60.1 -115.8 64.6 -115.8
-60.1 -118.0 64.6 -118.0 -57.9 -120.2 62.3 -120.2 -57.9 -122.5 62.3 -122.5
-57.9 -124.7 62.3 -124.7 -55.7 -126.9 60.1 -126.9 -55.7 -129.1 60.1 -129.1
-53.4 -131.4 57.9 -131.4 -53.4 -133.6 57.9 -133.6 -51.2 -135.8 55.7 -135.8
-51.2 -138.0 55.7 -138.0 -49.0 -140.3 53.4 -140.3 -49.0 -142.5 53.4 -142.5
-46.8 -144.7 51.2 -144.7 -46.8 -147.0 51.2 -147.0 -46.8 -149.2 49.0 -149.2
-44.5 -151.4 49.0 -151.4 -44.5 -153.6 46.8 -153.6 -42.3 -155.9 46.8 -155.9
-42.3 -158.1 44.5 -158.1 -42.3 -160.3 44.5 -160.3 -40.1 -162.5 42.3 -162.5
-40.1 -164.8 42.3 -164.8 -37.9 -167.0 40.1 -167.0 -37.9 -169.2 40.1 -169.2
-35.6 -171.4 37.9 -171.4 -35.6 -173.7 37.9 -173.7 -33.4 -175.9 35.6 -175.9
-31.2 -178.1 33.4 -178.1 -31.2 -180.4 33.4 -180.4 -28.9 -182.6 31.2 -182.6
-26.7 -184.8 28.9 -184.8 -24.5 -187.0 26.7 -187.0 -22.3 -189.3 24.5 -189.3
-20.0 -191.5 22.3 -191.5 -17.8 -193.7 -15.6 -193.7 -13.4 -193.7 -11.1 -193.7
8.9 -193.7 11.1 -193.7 13.4 -193.7 15.6 -193.7 17.8 -193.7 20.0 -193.7
-8.9 -195.9 -6.7 -195.9 -4.5 -195.9 -2.2 -195.9 0.0 -195.9 2.2 -195.9
4.5 -195.9 6.7 -195.9
Table 3: Shot 109. Initial balloon outline coordinates are given in mm, where x is the
horizontal axis. The initiator tube was located for the center initiation at the coordinate
origin.
91
x y x y x y x y x y x y
-17.8 -13.4 -15.6 -13.4 -13.4 -13.4 -11.1 -13.4 -8.9 -13.4 -6.7 -13.4
-4.5 -13.4 -2.2 -13.4 0.0 -13.4 2.2 -13.4 4.5 -13.4 6.7 -13.4
8.9 -13.4 11.1 -13.4 -24.5 -15.6 -22.3 -15.6 -20.0 -15.6 13.4 -15.6
15.6 -15.6 17.8 -15.6 20.0 -15.6 -31.2 -17.8 -28.9 -17.8 -26.7 -17.8
22.3 -17.8 24.5 -17.8 -35.6 -20.0 -33.4 -20.0 26.7 -20.0 28.9 -20.0
-37.9 -22.3 31.2 -22.3 33.4 -22.3 35.6 -22.3 -42.3 -24.5 -40.1 -24.5
37.9 -24.5 -44.5 -26.7 40.1 -26.7 -46.8 -28.9 42.3 -28.9 44.5 -28.9
-49.0 -31.2 46.8 -31.2 -51.2 -33.4 49.0 -33.4 -53.4 -35.6 51.2 -35.6
-53.4 -37.9 53.4 -37.9 -55.7 -40.1 55.7 -40.1 -57.9 -42.3 57.9 -42.3
-57.9 -44.5 60.1 -44.5 -60.1 -46.8 60.1 -46.8 -62.3 -49.0 62.3 -49.0
-62.3 -51.2 64.6 -51.2 -62.3 -53.4 64.6 -53.4 -64.6 -55.7 66.8 -55.7
-64.6 -57.9 66.8 -57.9 -64.6 -60.1 66.8 -60.1 -66.8 -62.3 69.0 -62.3
-66.8 -64.6 69.0 -64.6 -66.8 -66.8 69.0 -66.8 -66.8 -69.0 71.2 -69.0
-69.0 -71.2 71.2 -71.2 -69.0 -73.5 71.2 -73.5 -69.0 -75.7 71.2 -75.7
-69.0 -77.9 71.2 -77.9 -69.0 -80.2 71.2 -80.2 -69.0 -82.4 71.2 -82.4
-69.0 -84.6 71.2 -84.6 -69.0 -86.8 71.2 -86.8 -69.0 -89.1 71.2 -89.1
-69.0 -91.3 71.2 -91.3 -69.0 -93.5 71.2 -93.5 -69.0 -95.7 71.2 -95.7
-69.0 -98.0 71.2 -98.0 -69.0 -100.2 69.0 -100.2 -66.8 -102.4 69.0 -102.4
-66.8 -104.6 69.0 -104.6 -66.8 -106.9 69.0 -106.9 -66.8 -109.1 66.8 -109.1
-64.6 -111.3 66.8 -111.3 -64.6 -113.6 66.8 -113.6 -64.6 -115.8 64.6 -115.8
-62.3 -118.0 64.6 -118.0 -62.3 -120.2 62.3 -120.2 -62.3 -122.5 62.3 -122.5
-60.1 -124.7 60.1 -124.7 -60.1 -126.9 60.1 -126.9 -60.1 -129.1 57.9 -129.1
-57.9 -131.4 57.9 -131.4 -57.9 -133.6 55.7 -133.6 -55.7 -135.8 55.7 -135.8
-55.7 -138.0 53.4 -138.0 -55.7 -140.3 53.4 -140.3 -53.4 -142.5 51.2 -142.5
-53.4 -144.7 49.0 -144.7 -51.2 -147.0 49.0 -147.0 -51.2 -149.2 46.8 -149.2
-51.2 -151.4 46.8 -151.4 -49.0 -153.6 44.5 -153.6 -49.0 -155.9 42.3 -155.9
-46.8 -158.1 42.3 -158.1 -46.8 -160.3 42.3 -160.3 -46.8 -162.5 40.1 -162.5
-44.5 -164.8 40.1 -164.8 -44.5 -167.0 37.9 -167.0 -44.5 -169.2 37.9 -169.2
-42.3 -171.4 35.6 -171.4 -42.3 -173.7 35.6 -173.7 -40.1 -175.9 33.4 -175.9
-40.1 -178.1 33.4 -178.1 -37.9 -180.4 31.2 -180.4 -37.9 -182.6 31.2 -182.6
-35.6 -184.8 28.9 -184.8 -35.6 -187.0 26.7 -187.0 -33.4 -189.3 24.5 -189.3
-31.2 -191.5 22.3 -191.5 -28.9 -193.7 20.0 -193.7 -26.7 -195.9 -24.5 -195.9
-22.3 -195.9 -20.0 -195.9 -17.8 -195.9 -15.6 -195.9 -13.4 -195.9 -11.1 -195.9
-8.9 -195.9 -6.7 -195.9 -4.5 -195.9 -2.2 -195.9 0.0 -195.9 2.2 -195.9
4.5 -195.9 6.7 -195.9 8.9 -195.9 11.1 -195.9 13.4 -195.9 15.6 -195.9
17.8 -195.9
Table 4: Shot 109. Initial balloon outline coordinates are given in mm, where x is the
horizontal axis. The initiator tube was located for the center initiation at the coordinate
origin.
92 D INITIAL BALLOON SHAPE
x y x y x y x y x y x y
-2.2 -31.2 0.0 -31.2 2.2 -31.2 4.5 -31.2 6.7 -31.2 8.9 -31.2
11.1 -31.2 13.4 -31.2 15.6 -31.2 17.8 -31.2 20.0 -31.2 22.3 -31.2
24.5 -31.2 -15.6 -33.4 -13.4 -33.4 -11.1 -33.4 -8.9 -33.4 -6.7 -33.4
-4.5 -33.4 26.7 -33.4 28.9 -33.4 31.2 -33.4 -22.3 -35.6 -20.0 -35.6
-17.8 -35.6 33.4 -35.6 35.6 -35.6 -26.7 -37.9 -24.5 -37.9 37.9 -37.9
40.1 -37.9 42.3 -37.9 -31.2 -40.1 -28.9 -40.1 44.5 -40.1 -35.6 -42.3
-33.4 -42.3 46.8 -42.3 49.0 -42.3 -37.9 -44.5 51.2 -44.5 -40.1 -46.8
53.4 -46.8 -44.5 -49.0 -42.3 -49.0 55.7 -49.0 -46.8 -51.2 57.9 -51.2
-49.0 -53.4 60.1 -53.4 -51.2 -55.7 60.1 -55.7 -51.2 -57.9 62.3 -57.9
-53.4 -60.1 64.6 -60.1 -55.7 -62.3 64.6 -62.3 -55.7 -64.6 66.8 -64.6
-57.9 -66.8 69.0 -66.8 -60.1 -69.0 69.0 -69.0 -60.1 -71.2 69.0 -71.2
-62.3 -73.5 71.2 -73.5 -62.3 -75.7 71.2 -75.7 -62.3 -77.9 73.5 -77.9
-64.6 -80.2 73.5 -80.2 -64.6 -82.4 73.5 -82.4 -64.6 -84.6 73.5 -84.6
-66.8 -86.8 75.7 -86.8 -66.8 -89.1 75.7 -89.1 -66.8 -91.3 75.7 -91.3
-66.8 -93.5 75.7 -93.5 -66.8 -95.7 75.7 -95.7 -66.8 -98.0 75.7 -98.0
-66.8 -100.2 75.7 -100.2 -66.8 -102.4 75.7 -102.4 -66.8 -104.6 75.7 -104.6
-66.8 -106.9 75.7 -106.9 -66.8 -109.1 75.7 -109.1 -66.8 -111.3 75.7 -111.3
-66.8 -113.6 73.5 -113.6 -66.8 -115.8 73.5 -115.8 -66.8 -118.0 73.5 -118.0
-66.8 -120.2 73.5 -120.2 -64.6 -122.5 73.5 -122.5 -64.6 -124.7 71.2 -124.7
-64.6 -126.9 71.2 -126.9 -64.6 -129.1 71.2 -129.1 -62.3 -131.4 69.0 -131.4
-62.3 -133.6 69.0 -133.6 -60.1 -135.8 69.0 -135.8 -60.1 -138.0 66.8 -138.0
-60.1 -140.3 66.8 -140.3 -57.9 -142.5 64.6 -142.5 -57.9 -144.7 64.6 -144.7
-55.7 -147.0 64.6 -147.0 -55.7 -149.2 62.3 -149.2 -53.4 -151.4 60.1 -151.4
-53.4 -153.6 60.1 -153.6 -51.2 -155.9 57.9 -155.9 -51.2 -158.1 57.9 -158.1
-49.0 -160.3 55.7 -160.3 -49.0 -162.5 53.4 -162.5 -46.8 -164.8 53.4 -164.8
-44.5 -167.0 51.2 -167.0 -44.5 -169.2 49.0 -169.2 -42.3 -171.4 46.8 -171.4
-40.1 -173.7 44.5 -173.7 -40.1 -175.9 42.3 -175.9 -37.9 -178.1 40.1 -178.1
-35.6 -180.4 37.9 -180.4 -33.4 -182.6 35.6 -182.6 -31.2 -184.8 33.4 -184.8
-28.9 -187.0 31.2 -187.0 -26.7 -189.3 28.9 -189.3 -24.5 -191.5 -22.3 -191.5
-20.0 -191.5 -17.8 -191.5 -15.6 -191.5 -13.4 -191.5 -11.1 -191.5 -8.9 -191.5
26.7 -191.5 -6.7 -193.7 -4.5 -193.7 -2.2 -193.7 0.0 -193.7 2.2 -193.7
24.5 -193.7 4.5 -195.9 6.7 -195.9 8.9 -195.9 22.3 -195.9 11.1 -198.2
13.4 -198.2 15.6 -198.2 17.8 -198.2 20.0 -198.2
Table 5: Shot 114. Initial balloon outline coordinates are given in mm, where x is the
horizontal axis. The initiator tube was located for the center initiation at the coordinate
origin.
